The pleiotropism of the GTP-sensing transcriptional regulator CodY is evident by the gamut of processes that it regulates in almost all low G+C Gram-positive bacteria, including general metabolism, biosynthesis of some amino acids and transport systems, nitrogen uptake, sporulation, biofilm formation, motility and virulence. The role of CodY in virulence has been established in Bacillus anthracis, the top rated bioterrorism agent. In this study, we investigated the biochemical attributes of this global regulator. Homology modeling and sequence/structure analysis revealed putative GTP-binding residues in CodY of B. anthracis. CodY exhibited an interaction with the GTP as tested by ultraviolet cross-linking experiments. It could autophosphorylate itself at a conserved Ser 215 residue. This was further corroborated by the impairment of autophosphorylation activity in the CodYS215A mutant. Autophosphorylation may be speculated as an additional mechanism regulating CodY activity in the cell. The protein could also hydrolyze GTP, albeit weakly, as indicated by thinlayer chromatography and spectrophotometric quantification of its kinetic parameters. Altogether, these observations provide us an insight into the mechanism of action of this global regulator and a better understanding of its functional regulation.
INTRODUCTION
Bacillus anthracis, a Gram-positive, spore-forming, non-motile, aerobic bacterium, is the causative agent of anthrax, a disease that mainly affects ruminants, with humans being accidental victims (Mock and Fouet 2001; Hudson et al. 2008) . The fact that its spores can persist for decades in the environment and that they can be easily weaponized and disseminated as aerosols to large populations make this pathogen the top-rated agent of biological warfare and bioterrorism (Hudson et al. 2008) . The major virulence factors of this bacterium include a poly-γ -d-glutamic acid capsule and a tripartite toxin, encoded by the plasmids pXO2 and pXO1, respectively, that abets the pathogen in evasion from the host immune system, in the initiation of the infection and in causing lethality during the last stages of the disease (Collier and Young 2003) . However, regulation of virulence in B. anthracis involves a convoluted network comprising of several factors, Anthrax Toxin Activator (AtxA) located on the plasmid pXO1 being one of them, which plays a cardinal role in regulating the expression of virulence determinants (Dai and Koehler 1997) .
CodY is a pleiotropic transcriptional regulator that actuates adaptation in response to the nutritional and energetic status of the cell in many low G+C Gram-positive bacteria. CodY regulates a prodigious array of processes, including catabolism, biosynthesis of some amino acids and transport systems, chemotaxis, motility, genetic competence, biofilm and pellicle formation, and virulence (Ratnayake- Lecamwasam et al. 2001; Tu Quoc et al. 2007; Hsueh, Somers and Wong 2008; Lemos et al. 2008; Majerczyk et al. 2008; Lindback et al. 2012; Gopalani et al. 2016b) . CodY senses the intracellular GTP and branched-chain amino acids (BCAAs) levels and brings about appropriate changes in the transcriptome of the cell, thereby regulating a vast number of genes, constituting its regulon. During the exponential phase, both the GTP and BCAAs being plenteous in the cell interact with CodY to enhance its DNA-binding capability, thereby keeping the genes of its regulon repressed. As the cell transits from the exponential to the stationary phase, the level of the effectors goes down, thereby resulting in the abolition of the DNA-binding ability of CodY. Consequently, the genes of its regulon are derepressed (Ratnayake-Lecamwasam et al. 2001; Stenz et al. 2011) .
While the binding of CodY to BCAAs is well documented, its binding to GTP is poorly understood. BCAAs binds to the GAF domain within the metabolite-binding domain (MBD) harbored at the N-terminal of the protein. The well-conserved G1, G3 and G4 motifs common to the small GTPases are present in CodY and are speculated to be involved in GTP binding (RatnayakeLecamwasam et al. 2001; Handke, Shivers and Sonenshein 2008) . However, Han et al. recently reported that in CodY of Staphylococcus aureus, the residues critical for GTP binding were located in the MBD and the long helical linker (LHL) connecting the MBD and the DNA-binding domain (DBD) and excluded the GAF domain within the MBD. Therefore, in the structure described by them, GTP was bound to CodY at a site completely different from the above-defined three motifs. (Han et al. 2016) . Contradictorily, CodY of Lactococcus lactis and Streptococcus pneumoniae does not follow the paradigm of binding and responding to GTP (Petranovic et al. 2004; Hendriksen et al. 2008) .
CodY regulates about 500 genes either directly or indirectly in B. anthracis (Chateau et al. 2013) . Its role in the survival strategies of the pathogen like sporulation and pellicle formation has been demonstrated (Gopalani et al. 2016b) . Moreover, its disruption in B. anthracis leads to complete abolishment of its virulence.
It is anticipated that CodY regulates virulence of the pathogen by promoting the post-translational agglomeration of AtxA, which is required for the expression of toxin components (van Schaik et al. 2009 ). However, biochemical aspects of CodY of B. anthracis such as GTP binding, phosphorylation etc. are yet unmapped and need to be reconnoitered, which this study aims at.
In this study, we carried out the homology modeling of baCodY (B. anthracis CodY) using saCodY (S. aureus CodY) as a template. The residues involved in GTP binding in saCodY were well conserved in baCodY. Mapping of the putative GTP-binding residues and the G1, G3 and G4 motifs on the baCodY homology model depicted that these motifs were located spatially far away from the GTP-binding residues that were inferred from saCodY. Next, we investigated the biochemical attributes of this physiologically important protein of the pathogen. We demonstrate that CodY of B. anthracis can bind to GTP and hydrolyze it. CodY exhibits autophosphorylation activity. Ser 215 was identified as the critical residue undergoing phosphorylation. Thus, this is the first study that provides insights into the biochemical attributes of CodY in B. anthracis.
MATERIALS AND METHODS

Bacterial strains and chemicals
Escherichia coli DH5α and BL21 (λDE3) strains were used as the cloning and expression hosts, respectively. The strains were cultured in Luria-Bertani (LB) medium, supplemented with appropriate antibiotics wherever needed (Kanamycin (50 mg/ml)). 
Sequence analysis of cody from Bacillus anthracis
cody gene was identified in the B. anthracis genome using the KEGG database (Kanehisa et al. 2014) . The corresponding protein sequence was used to identify homologs in other species by BLASTP. ClustalW was used to align CodY of B. anthracis with its homologs from other low G+C Gram-positive bacteria (Larkin et al. 2007 ). The domain information was mapped using the CDD search at NCBI (Marchler-Bauer and Bryant 2004) . While the G1 motif was identified from the literature (Ratnayake- Lecamwasam et al. 2001) , the G3 and G4 motifs were deduced by manual inspection of the alignment (Bourne, Sanders and McCormick 1991 (Biasini et al. 2014) .
Cloning of cody in pET29a + vector and site-directed mutagenesis
The ORF corresponding to cody gene was PCR amplified using gene specific primers (Table S1 , Supporting Information) from the genomic DNA of B. anthracis Sterne strain followed by double digestion and ligation into KpnI and SalI sites of pET29a+ vector to obtain pET29-cody construct. Using pET29-cody as the template and specific primers, PCR-based site-directed mutagenesis was carried out to generate CodYS215A mutant (Ser 215 -Ala 215 ).
The resulting base substitution was confirmed by automated dideoxy DNA sequencing.
Expression and purification of CodY and CodYS215A mutant
Both the recombinant proteins were expressed and purified as N-terminal 6x-His-tagged proteins. Both the constructs were transformed into E. coli BL21 (λDE3) cells, grown up to midexponential phase (OD ∼ 0.6), induced with 1 mM IPTG at 37
• C and harvested 6 h after induction. The proteins were purified to near homogeneity from the soluble fraction using Ni 2+ -NTA affinity chromatography (Qiagen). The identity of both the proteins was confirmed by immunoblotting using anti-histidine monoclonal antibody. While the concentration of the proteins was estimated by Bradford reagent (Bio-Rad), the purity of the proteins was confirmed by silver staining of the SDS-PAGE (Chevallet, Luche and Rabilloud 2006) . Native-PAGE followed by immunoblotting using anti-CodY antisera raised in Swiss-albino mice was used to check the oligomeric status of the protein (Laemmli 1970) .
Ethics statement
All mice experiments were carried out as approved by Institutional Animal Ethics Committee, Jawaharlal Nehru University, New Delhi. Mice were maintained and housed in individually ventilated animal caging system in the animal house facility of Jawaharlal Nehru University, Delhi, India.
Circular dichroism spectroscopy
In order to nullify the presence of any structural differences induced by site-directed mutagenesis, circular dichroism (CD) spectrum of His 6 -CodYS215A was recorded and compared with the wild-type protein i.e. His 6 -CodY. The spectra were measured between 200 and 260 nm on a J-815 CD spectrophotometer (Jasco Corp.) at 25
• C under nitrogen flow with a bandwidth of 1nm, scan step 0.5 nm at a scanning speed of 50 nm per min. The optical path length of the quartz cell was 1 mm. The CD spectrum was expressed in terms of the mean residual ellipticity (Fort and Spray 2009 ).
Ultraviolet-mediated GTP cross-linking assay
Cross-linking of GTP to His 6 -CodY was assessed as described previously (Ratnayake-Lecamwasam et al. 2001) . Briefly, 1 μg of His 6 -CodY was incubated with 15 nM [α-32 P]-GTP in 25 μl of reaction buffer (50 mM Tris-HCl, pH 8.0 and 400 mM KCl). The samples were incubated for 30 min on ice followed by ultraviolet (UV) irradiation for different time periods. The reaction was terminated by the addition of 5 μl of 2 X SDS-loading dye. The reaction mixtures were electrophoresed on a 12% SDS-PAGE followed by drying the gels under vacuum at 70 
Chemical stability assay of the phosphor linkage
In an independent assay, CodY was phosphorylated as described above. The gel was then sliced into three parts such that each slice contained one radioactive CodY band. One slice was kept as a control; the second slice was incubated at 65
• C for 2 h in 6 M HCl and the third was incubated at 65
• C for 2 h in 1 M NaOH prior to visualization on a phosphorimager screen (Klumpp and Krieglstein 2002) .
GTPase assay
The GTP hydrolyzing activity of CodY was tested by thin-layer chromatography as described by Hwang and Inouye (2001) For the mock protein/only vector control (only vector and mock protein can be used synonymously), a soluble extract from E. coli BL21 (λ DE3) cells harboring pET29a+ vector was prepared which was chromatographed in parallel with the soluble extract of cells harboring pET29-cody construct. The spots corresponding to the released inorganic phosphate were identified using phosphorimager.
Determination of enzyme kinetic parameters for CodY by coupled-enzymatic assay
The kinetic parameters of His 6 -CodY were measured by coupling its reaction to pyruvate kinase (PYK) and lactate dehydrogenase (LDH) and monitoring the decrease in absorbance at 340 nm due to conversion of NADH (extinction coefficient ε = 6222 M −1 cm −1 ) to NAD in a spectrophotometric assay on Cecil CE 7500. The assay was performed at 25
• C in a total reaction volume of 1 ml. The reaction mixture contained 2 μg of His 6 -CodY, 20 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 100 mM KCl, 8 mM DTT, 2 mM PEP, 0.2 mM NADH, 1 U/ml PYK and 1.4 U/ml LDH and a varying concentration of the substrate i.e. GTP ranging from 10 to 200 μM. The Michaelis constant and other kinetic parameters were calculated from the Michaelis-Menten plot. All experimental data resulted from at least three independent estimations.
RESULTS AND DISCUSSION
Multiple sequence alignment and homology modeling of Bacillus anthracis CodY
Homology comparison of baCodY with that of other Grampositive bacteria revealed the presence of conserved GTPbinding motifs namely G1, G3 and G4, respectively, common to small GTPases (Fig. 1A) . While the G1 motif lies in the N-terminal GAF (cGMP-specific phosphodiesterases, Adenylyl cyclases and FhlA) domain, the G3 and G4 motifs are positioned within the C-terminal helix-turn-helix (HTH) DBD of the protein : 179-255) are spanned by black, olive and gray lines, respectively. The well-conserved G1, G3 and G4 motifs are shown in orange (G1), cyan (G3) and magenta (G4), respectively. The putative residues that are involved in GTP binding (inferred from homology modeling) are highlighted in green. The residues marked with green triangles and a blue star represents those involved in forming the P-pocket and G-pocket, respectively (defined in the citation). The residues highlighted in violet correspond to the HTH motif. The HTH region spans the G3 motif (cyan highlighted residues) and harbors the Ser 215 (red highlighted) residue. Organisms with NCBI-protein IDs in the bracket are as follows: (Ratnayake- Lecamwasam et al. 2001) . Although it has for long been speculated that these motifs are implicated in GTP binding, a recent study on CodY of Staphylococcus aureus described CodY in its GTP-bound state wherein the GTP was found to be positioned in an entirely different site which certainly does not overlap with the above-defined motifs (Han et al. 2016) . Homology modeling of baCodY was done using saCodY as a template in order to get an insight into the putative GTP-binding residues of baCodY. The BLASTP search of PDB revealed a high similarity of 80% between baCodY and saCodY. The query coverage and E-value of the alignment were 99% and 7e −115 , respectively. The baCodY model so generated had a Q-mean score of 0.76. 96.6% of the residues were in the core region, 3.4% were in the allowed and none were in the disallowed region (Fig. 1B) . The superimposition of the baCodY model with saCodY template structure had a root-mean-square deviation of 0.27Å over 238 Cα atoms (Fig. S1 , Supporting Information) and did not have any bad contacts. Altogether there were eight residues in the saCodY crystal structure that were involved in interaction with GTP. Six out of these eight residues (namely V22, F24 S43, R45, K47 and Q70) were present in the MBD, whereas two residues E153 and K158 were harbored in the LHL. While the residues S43, R45, K47, Q70 and K158 form the P-pocket (phosphate-binding site), the residue E153 forms the G-pocket (guanine base binding site) of the GTP-binding site (Han et al. 2016) . As evident from our homology modeling results, all the above-mentioned residues are well conserved in baCodY as well. Moreover, just like in saCodY, the G1, G3 and the G4 motifs were found to be located far from the GTP-binding pocket in baCodY also. However, these in silico predictions are just preliminary leads and in order to validate them and point out the critical residues precisely a comprehensive in vitro analysis is required. Figure 1A and B shows the alignment and the baCodY model, respectively, with the G1, G3 and G4 motifs and the structurally equivalent residues from the GTPbinding pocket of saCodY mapped onto them.
Cloning, expression and purification of CodY and CodYS215A mutant
The ORF corresponding to cody was cloned in the expression vector pET29a+ such that a 6x His-tag was added to the N-terminus of the recombinant protein. Both the CodY and CodYS215A were readily expressed in BL21 (λDE3) cells and purified from the soluble fraction. The proteins were analyzed on a 12% SDS-PAGE and migrated at their expected molecular weight of ∼31 kDa ( Fig. 2A) . Their identity was confirmed by immunoblotting using anti-histidine monoclonal antibody (Fig. 2C) . Proteins were more than 97% pure as indicated by the silver staining (Chevallet, Luche and Rabilloud 2006) (Fig. 2B) . Recombinant protein existed in the form of both monomeric and dimeric species as indicated by native-PAGE and immunoblotting ( Fig. S2A and B, Supporting Information).
CD spectroscopy of the recombinant proteins
CD spectroscopy was used to investigate the occurrence of, if any, differences in the secondary structure of wild-type His 6 -CodY and its mutant His 6 -CodYS215A. The CD spectrum of His 6 -CodY exhibits the typical characteristics of a well-folded protein, i.e. the maximum at 200 nm and a minimum at 208 nm (Greenfield 2006) . In particular, the spectrum indicates the existence of a high α-helix content, as marked by the two negative peaks at ∼208 nm and ∼222 nm, and a positive peak at ∼200 nm (Fort and Spray 2009) . The superimposition of the spectra obtained for His 6 -CodY and His 6 -CodYS215A demonstrates that there exists no gross alteration between the secondary structures of the two proteins (Fig. 2D) .
CodY of Bacillus anthracis binds to and hydrolyzes GTP
The GTP-binding capability of CodY was assayed using [α-32 P]-GTP and UV cross-linking. The radiolabeled GTP was crosslinked to the purified His 6 -CodY in the presence of UV radiation as indicated by the radiolabeled protein bands observed after autoradiography of the gel. Binding of GTP to His 6 -CodY could be observed as early as 5 min post UV irradiation, which further increased, reaching a maximum at 60 min (Fig. 3A) . Furthermore, the binding was inhibited by the addition of unlabeled GTP but not with CTP and TTP (Fig. 3C, D and F) . Moreover, ATP also exhibited an inhibitory effect on the GTP binding of CodY, albeit to a very less extent (Fig. 3E) . Thus, CodY displays specificity for purine nucleotides, an observation that corroborates with that for the CodY of B. subtilis (Joseph, Ratnayake-Lecamwasam and Sonenshein 2005) . BAS0540 served as the negative control in our cross-linking assay. BAS0540 is a quintessential RR of B. anthracis that can accept phosphate from its cognate histidine kinase, BAS0541 and high energy small molecule phosphoryl donors (Gopalani et al. 2016a ). RRs do not bind to ATP/GTP. The same is evident from our UV cross-linking assay since the negative control (BAS0540) did not cross-link to GTP even on a UV exposure of 60 min (Fig. 3A, lane 7) . No cross-linking was observed in the samples that contained CodY and [α-32 P]-GTP but
were not subjected to UV exposure (Fig. 3A, (Fig. 4A, left panel) . Mg +2 ions were found to be essential for this hydrolysis (Fig 4A, lane 7) . Moreover, 32 Pi release was inhibited by the addition of unlabeled GTP indicative of a competition between the labeled and the unlabeled GTP and specificity of the hydrolysis reaction (data not shown). The negative controls, i.e. BSA, mock protein and only buffer, did not show any significant 32 Pi release. It can thus be inferred that the low GTPase activity observed was indeed due to CodY (Fig. 4A , right panel). Since the 32 Pi release due to CodY-mediated GTP hydrolysis was not very high and because of the fact that the TLC plates are generally overloaded with the radioactive sample ([γ -32 P]-GTP being in its first half-life), the decrease in the GTP does not correspond with the increase in the 32 Pi release (Fig. 4A ) (Sekiguchi et al. 2001; Mattoo et al. 2008; Pungaliya et al. 2010; Sengottaiyan et al. 2012) . Next, we also measured the kinetic parameters for this hydrolysis reaction. K m and V max were calculated from the Michaelis-Menten plot which was 0.16 mM and 0.0154 mM min −1 , respectively (Fig. 4B) . As mentioned earlier, the binding of GTP to CodY is still poorly understood and the G1, G3 and G4 motifs have been for long conjectured to effectuate this binding. The G1 motif was previously reported in the CodY of B. anthracis, the other two motifs were identified in this study by sequence alignment (Fig. 1A) . The homology modeling of baCodY done using saCodY as a template revealed that the residues involved in GTP binding in saCodY were well conserved in baCodY and that they were spatially far away from the three motifs (Fig. 1B) . However, the GTP-binding site in the crystal structure of saCodY was not associated with hydrolysis (Han et al. 2016) , an observation different from the one drawn by us for baCodY, which could hydrolyze GTP, albeit weakly. Therefore, though the residues of saCodY involved in GTP binding are well conserved in baCodY, we speculate that the site for GTP hydrolysis might be different. Thus, we conclude that CodY of B. anthracis follows the paradigm of GTP-sensing, binding, and responding, howbeit, our in silico predictions based on homology modeling assuredly needs an in vitro validation in order to point out the critical residues with high precision.
CodY autophosphorylates at a conserved serine residue
GTP-binding proteins often manifest autophosphorylation activity. In our attempts to study the GTP-binding ability of CodY, we observed that it could use the γ phosphoryl group of GTP to phosphorylate itself. Phosphorylation was assayed by incubating purified 31 kDa His 6 -CodY with radioactive [γ -32 P]-GTP and could be detected as early as 5 min post radiolabeled GTP addition which further increased reaching a maximum at 60 min (Fig. 5A) . Furthermore, we found that Mg +2 ions were indispensable for the phosphorylation reaction. The above reaction could be essentially marked as an autophosphorylation reaction since no other protein species were present in the reaction mixture. Moreover, CodY could also use the γ phosphoryl group of ATP to phosphorylate itself however to a lesser extent as evidenced by a low-intensity band in Fig. 5E . CodY was identified as a phosphoprotein in B. subtilis by Macek et al. (2007) where they identified Ser 215 as the residue undergoing phosphorylation. In order to decipher the nature of amino acid residue undergoing phosphorylation in our study, phosphorylated CodY was subjected to treatment with HCl and NaOH, respectively. We observed that the phosphorylated species were acid stable and base labile, a feature common to phosphoserine and phosphothreonine residues (Fig. 5C ) (Klumpp and Krieglstein 2002) . The Ser 215 residue is conserved in CodY of B. anthracis as well, indicated by the multiple sequence alignment of CodY sequences from Gram-positive bacteria using ClustalW (Fig. 1A) . Our results indicate that the point mutation of this Ser 215 to alanine completely abolish the autophosphorylation activity of CodY, connoting it to be a critical residue for phosphorylation (Fig. 5D ).
In an earlier study, Joseph et al. identified the critical residues in the HTH motif of CodY of B. subtilis which were involved in the DNA binding. They demonstrated that substituting Ser 215 by alanine resulted in a significant decrease in the DNA-binding activity of CodY, which was measured in terms of its repressor activity at the two promoters dpp and ilvB. This HTH motif is well conserved in the CodY homologs. Moreover, in terms of the sequence, the HTH motif of B. anthracis is identical to the HTH motif of B. subtilis (Joseph, Ratnayake-Lecamwasam and Sonenshein 2005) . Therefore, it can be conjectured that Ser 215 might be critical for DNA binding in CodY of B. anthracis as well. The conventional notion of the regulation of CodY activity in the cell is via the intracellular allosteric regulators GTP and BCAAs sensing (Stenz et al. 2011 ). Combining our observation of autophospho- 
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